This paper investigates the capability of a regional climate model (RegCM3) to simulate the Southern Brazil rainfall during three periods: the El Niño (1982), the neutral intermediary phase (1985), and the La Niña (1988). Each integration has used three of different boundary conditions available: NCEP-NCAR Reanalysis (I and II) and ECMWF Reanalysis-ERA-40. The simulations were performed covering a South America domain and some descriptive statistics analyses have been applied, like arithmetic mean, median, standard deviation and Pearson's correlation; and frequencies histogram over Southern Brazil. The main results show that the model satisfactorily reproduces the rainfall in this region during the El Niño, neutral, and La Niña events, indicating that the boundary conditions which were tested adequately describe this simulations type.
Introduction
In Southern Brazil, the Rio Grande do Sul (RS) state has uniform precipitation during the year, with accumulated values around 1800 mm/year [1] . The climate in this region is affected by many meteorological phenomena, for example, cold fronts [2, 3] , mesoscale convective systems [4] , or El Niño phenomenon [5, 6] .
The regional climate model-version 3 (RegCM3) model (see more details in [7] )-has been used to solve highresolution local circulation by dynamic downscaling. The information is consistent with the large-scale circulation supplied by the driving GCMs or by reanalysis data at the boundaries [8] .
Regional climate models (RCMs) have been used for a wide variety of studies of the present-day climate and possible future climates over a number of regions throughout the world. In the CLARIS-LPB project, the capability of a set of 7 coordinated regional climate models in reproducing the mean climate conditions over the South American continent was evaluated. Results show that the RCMs ensemble adequately reproduces these features, with biases mostly within
±2
∘ C and ±20% for temperature and precipitation, respectively. However, some systematic biases were detected over the La Plata Basin region, such as underestimation of rainfall during winter months and overestimation of temperature during summer months [9] . The dry bias during winter in the Southeast of South America has also been observed in [10] .
A RegCM3 was able to simulate the dramatically different large-scale circulations during La Niña and El Niño events in Amazon basin. The regional model showed reduction of rainfall in the western Amazon when compared to the observed estimates. This precipitation is associated to weak low-level moisture transport from the Atlantic [11] . The capabilities of two regional models (RegCM3 and the climate version of the CPTEC Eta model) were evaluated to simulate the summer quasi-stationary circulations over South America during El Niño and 1998-1999 La Niña. In general, the results showed that both models are capable of capturing the main changes of the summer climate over South America during these two extreme cases and, consequently, they have potential to predict climate anomalies [12] .
In the Southeast of South America, for example, winter is the dry season; however, this feature is not observed in Southern South America (studied here). So, this is a recurrent problem in climate forecasts in Southern Brazil; rainfall is much less frequent than the observed values during the winter season [9, 10] . In middle latitudes, types of phenomena that generate precipitation in the winter are varied and many of these phenomena are not adequately reproduced by both global and regional models [13] .
Therefore, the main goal of this research is to assess the ability of the RegCM3 model in simulating the behavior of regional precipitation in the RS state using three different boundary conditions. The results were compared to current data. The analysis was performed for neutral year, El Niño year, and La Niña year. The choice of simulating ENSO events (El Niño and La Niña) is due to the fact that this event is well known and researched by several scientists. Its implications were described to all regions of the planet, as seen in [5] .
Materials and Methods
The model was initially developed at the National Center for Atmospheric Research (NCAR) from the Mesoscale Model version 4 (MM4) [14] . The model solves primitive equations for a compressible atmosphere, using finite differences and vertical sigma pressure coordinate. The parameterization of convective precipitation still remains one of the most important sources of errors in climate models. Three options are available in RegCM3 to represent cumulus convection: (a) modified-Kuo scheme [15] , (b) Grell scheme [16] , and (c) MIT-Emanuel scheme [17, 18] . Was this research Grell scheme with Arakawa-Schubert closure was adopted [19] ?
Initial model and lateral boundary conditions were created with NCEP-NCAR Reanalysis I (hereinafter NNRP1) [20] , NCEP-NCAR Reanalysis II (hereinafter NNRP2) [21] , and, finally, the Reanalysis of the European Centre for Medium Range and Weather Forecasts (hereinafter ERA40) [22] . SSTs were obtained from HadISST 1.1 [23] . HadISST1 improves upon previous global sea ice and SST (GISST) data sets: GISST1 [24] , GISST2 [25] , and GISST3, all developed at the Met Office Hadley Centre. HadISST1 is globally complete, gaps in the SST data have been interpolated, and sea ice concentrations have been supplied in the ice zones. Land cover and topography are specified using the Global Land Cover Characterization (GLCC) version 2 data provided by the U.S. Geological Survey (USGS) Earth Resources Observation System Data Center [26] , respectively, with horizontal resolution of 10 min being used to provide the terrain characteristics.
The regional model is integrated over the domain of Figure 1 for the years 1982, El Niño event (hereafter Nino82, integrated from 00:00 UTC of December 1, 1981, to 00:00 UTC of February 1, 1983); 1988, La Niña event (hereafter Nina88, integrated from 00:00 UTC of December 1, 1987 to 00:00 UTC of February 1, 1989) , and 1985 ENSO-neutral event (hereafter Neutral85, integrated from 00:00 UTC of December 1, 1984, to 00:00 UTC of February 1, 1986) , at a spatial resolution of 50 km. The period of simulation extends from December before the year of the events and ends in January after the year of the events, but we have only considered the full year (January to December).
The nested modeling technique has been increasingly applied to climate studies in the last few years. Two main theoretical limitations of this technique are the effects of systematic errors in the driving fields provided by global models and lack of two-way interactions between regional and global climate [27] [28] [29] . To minimize these problems, the simulated region is considerably large. This area covers from the equator (0 ∘ latitude) to southern Argentina (latitude 60 ∘ S). The longitudinal domain extends from the central region of South Pacific Ocean (120 ∘ W) to the central South Atlantic Ocean (20 ∘ W) ( Figure 1 ). The simulated seasonal precipitation was compared to the South American daily rainfall values (hereafter referred to as REAL) obtained from different sources of observations from the Liebmann and Allured publication [30] . This group of data consists of several daily rainfall sources in South America. The data are combined in fields of grid available in 1 ∘ (used here) and 2.5 ∘ of latitude constructed based on the 7900 stations for the period 1940 to 2012.
The analysis of the model output only uses points in the state of Rio Grande do Sul, in this points was calculated weighted averages of these points. The weight average is the average determined for limits and intervals using the scaling of the default file. The coordinates are converted to the nearest integer grid coordinates based on the scaling of the default file. The average is then performed over the range of these grid coordinates. The average is weighted for nonlinear grid intervals. Averages over latitude are weighted by the delta of the sine of the latitudes at the edge of the grid box. The edges of the grid box are always defined as being the midpoint between adjacent grid points [31] .
Thus we have a unique average value (mm/day) for each day of year, rainy or not, for each boundary condition employed (Figure 1 ). After that, we performed a descriptive statistical analysis of precipitation series, like mean, median, and standard deviation ( 
where = Pearson correlation coefficient; = modeled series; and = REAL series; = series size.
Results
The three rainfall simulations were generated and their average precipitation was compared with REAL analysis. As expected, positive and negative anomalies of precipitation were observed in south in El Niño and La Niña events, respectively, according [6] in her Figures 9, 10 , and 11. The model, in any event, provides less rainfall than REAL analysis (Figure 2 ). It can be observed that all events are It is interesting to note that the dry event simulations (NINA88) approach the REAL value, as can be seen in Figure 2 . However, only in the SON season we can see that the model cannot represent the rainfall as well as other seasons. For the NINO82 event of the summer months (DJF) and autumn (MAM) and in NEUTRAL85, spring (SON), and summer (DJF), seasons are adequately simulated.
The underestimation of precipitation can also be seen in the statistical analysis in Table 1 . Descriptive variables as mean, median, and standard deviation show that the boundary conditions used agree with each other on estimated precipitation [32] . The average of the REAL data is always greater than the average of the simulations. The interpretation of the values obtained for the mean, median, and standard deviation leads us to infer that the model does not correctly capture extreme values.
For the three simulations, we calculated the Pearson product-moment correlation coefficient for the simulated rainfall and REAL data. For two events, both El Niño and La Niña, the NNRP1 presents the highest correlation value, followed by ERA40, and finally, the series showed that lower correlation was provided by Reanalysis II NCEP (NNRP2). The correlation coefficient agrees with that observed in seasonal values; the La Niña event showed the best results when compared to REAL (Table 2) .
To determine the range of precipitation data, a histogram of frequencies was prepared in which relative frequencies are represented by frequency intervals. This analysis may indicate in which precipitation category the model shows more accuracy; in other words, it checks the skill of RegCM3 in simulating daily accumulated rainfall. Figure 3 shows the graphs to NINO82, NINA88, and NEUTRAL85, respectively. Frequency distribution can confirm the assumptions imposed by descriptive statistics for mean, median and standard deviation mentioned above.
The precipitation events which are found in classes 1 and 2 (having values between 0 and 5 mm/day and between 5.1 and 10 mm/day, resp.) are simulated correctly in most cases. This indicates that although the model cannot accurately capture the magnitude of the events, it has the ability to indicate the main patterns of occurrence of precipitation (Figure 3 ).
Many series in the three simulations are distributed practically until the fourth class, with values between 15.1 and 20 mm/day. For Nino82, however, it is possible to check that the values in the observed series reach 55 mm/day in a single event. In El Niño years, it is expected to have accumulated more significant rainfall in southern South America, but there are no simulated values in these classes, confirming the low ability of the model in simulating extreme values (Figure 3 ).
Summary and Conclusions
The main objective of this research was to verify the ability of the RegCM3 model to simulate precipitation regimes over the South of Brazil and their respective behavior. The runs are designed for three distinct periods with different boundary conditions during the El Niño phenomenon (wet condition), La Niña (dry condition), and neutral intermediate period (normal condition). Finally, this could indicate the boundary condition to be recommended that best represents the rainfall in Rio Grande do Sul.
In general, the model shows a tendency to underestimate rainfall amounts over the region, as noted by [9, 10] .
In wet conditions, high values of accumulated precipitation in southern South America are expected [5, 6] . However, in most cases, the simulations only capture rain events from weak to moderate intensity, on which accumulation is relatively low. This can be evidenced by the frequency histogram distribution, on which it can be observed that precipitation between 0 and 10 mm/day is satisfactorily simulated and its occurrences are described correctly. On the other hand, events which have intensity between 10 and 25 mm/day are underestimated. Besides that, values that accumulated over 50 mm/day were not captured by the model. In normal conditions, the same behavior is observed, but high values are not observed, increasing the accuracy of the model, especially in frequencies between 0 and 10 mm/day, whose period showed the lower correlation. For the period of dry condition, in which lower accumulated rainfall is expected, the model also simulated lower values.
The Pearson correlation coefficients were higher during El Niño and La Niña years than in the neutral period. This shows that time evolution of daily rainfall is better simulated in ENSO conditions.
As suggested by [33] the horizontal grid model may be one potential reason to explain the differences between model results and observations. The horizontal grid model spacing (50 km) is too coarse to accurately simulate the synoptic or mesoscale systems over Southern America. Moreover, the physics options used in the integration model are also sources of concern and could lead to differences, particularly the convection scheme. The Grell scheme parameterization was tested by [34] in central South America and also shows that there is a systematic underestimation of precipitation.
However, there is no expectation of an exact concordance between model and observations, and we conclude that this simulation has produced good results in different climate situations. Therefore, the work suggests that there is a potential for using the RegCM model for the study of climate variability over South America.
